in the operating room. In the context of limitations on resident duty hours, efficient and innovative ways to accelerate the development of residents' surgical skills are imperative.
Laboratory-based training programs exist in which various combinations of cadaveric specimens, navigation software, and Sawbones models (Pacific Research Laboratories, Inc.) are used. 9, 14 A number of recent studies have attempted to compare the benefits of various laboratorybased techniques, although most do not demonstrate significant benefit. 7, 9, 14 To date, a definitive, evidence-based, laboratory training module has not been delineated.
Simulation-based methods are being increasingly adopted in surgical training. 3, 4, 6, 12, 13 However, strategies used in general surgery may not be as applicable in spine surgery, where laparoscopic procedures are limited and intricate 3D spinal anatomy is difficult to appropriately replicate on computer simulators. Furthermore, virtual screw placement planning on 2D computer screens has been shown to not clearly translate into an improvement in hands-on performance. 9 Therefore, it appears that the role of cadavers in training of residents will probably remain relevant in the near future. We hypothesized that using navigation software combined with cadaveric specimens to teach spinal anatomy to junior residents would dramatically improve screw placement accuracy. We hence designed a study to analyze this method and its outcomes.
methods

Study design and patient population
This was a single-blinded, prospective, randomized pilot study. Eight neurosurgical residents between postgraduate Years 1 and 4 and 2 senior medical students with neurosurgical exposure through subinternships (termed postgraduate Year 0) were enrolled in the study. Participants were stratified according to years of neurosurgical experience and then randomly assigned to the control or study group using a random number generator. Baseline information was collected regarding training level, months of spine rotation, and left-versus righthandedness. All participants were given a questionnaire to subjectively rate comfort level with screw placement and were given a multiple-choice quiz to test knowledge of anatomy and technique. This information is presented in Table 1 .
control versus Study group exposures
Participants in both groups were given a 1-hour lecture regarding a baseline fund of knowledge regarding spinal anatomy, as well as lateral mass, pedicle, and iliac screw placement techniques. Both groups were instructed to prepare for screw placement as they would for a surgical case. The study group was additionally exposed to a pilot, laboratory-based training program that allowed participants to visualize spinal anatomy on a cadaveric specimen using a navigation-based platform (Stealth S7; Medtronic) in addition to Sawbones models to further demonstrate 3D vertebral anatomy. One to 2 weeks after education was completed for each group (i.e., lecture for the control group and pilot training program for the study group), all participants placed the screws.
pilot program
A single cadaveric specimen (from cephalus to pelvis) underwent a CT scan with 1-mm slices from the occiput to the pelvis. Images were loaded onto the navigational platform. A clinically relevant degree of dorsal exposure was performed on the specimen. Spinous processes and transverse processes were registered to an error of less than 2.0 mm and accuracy was confirmed. Each subject in the study group used a navigation probe with a preset projection length depending on spinal level and an appropriate screw length to select a starting point and trajectory for a screw. They were then able to view the navigational projection to determine the accuracy of the selected starting points and trajectories based on axial, coronal, and sagittal projections. Each participant was asked to perform this at each spinal level, from C-1 to the ilium. In addition, each pilot program participant was asked to select a starting point and trajectory on a Sawbones model and perform a cannulation using a straight gearshift for each spinal level.
primary end point
Five fresh-frozen, cephalus to pelvis cadaveric specimens, without a history of a prior spinal procedure, underwent standard surgical exposure in preparation for the study. Each surgical exposure was performed or evaluated by the authors (A.T.H., V.R.K., and S.J.S.). Each participant placed screws unilaterally on a randomized cadaver using standard anatomical landmarks alone for screw entry and trajectory. The side of placement was also randomized between groups ( Table 2 ). The screw size for each spinal level was selected prior to the study by the investigators and kept standard between the study groups. Participants were asked to place lateral mass screws at C-1 and C3-6; pedicle screws at C-2, T1-12, L1-5, and S-1; and an iliac screw. Following screw placement, CT scans (1-mm slice thickness) were obtained from the occiput to the pelvis in each cadaver, and the scans were reconstructed in sagittal and coronal dimensions for evaluation.
Scoring System
The CT scans were evaluated by a single observer (A.T.H.) who was blinded to whether the participant being scored was in the study or the control group. Screw placements were categorized as surgical errors, suboptimally, or appropriately placed, and defined by specific guidelines outlined in Table 3 . These guidelines were determined by published parameters in the spine literature. Surgical errors were further divided into both minor and major errors for subgroup analysis. Screw placement was determined to be suboptimal if it was not considered to be a minor or major error, but its trajectory fell outside the acceptable ranges outlined in Table 3 . Although optimal starting points were taught as part of each participant's baseline fund of knowledge, the determination of the optimal starting point for each level was difficult to assess on CT imaging and was not used in the final CT assessment.
Statistical analysis
A power analysis was conducted prior to initiation of the study. Assuming a power of 0.80, a significance level of 0.05, and an error rate in the control group of 50%, a sample size of 250 with 1:1 randomization would allow detection of an 18.2% difference in error rate using a 2-sided Fisher's exact test. Prestudy demographic and questionnaire data were analyzed using Fisher's exact test (categorical variables) or Student's t-test (continuous variables). All p values less than 0.05 were considered statistically significant. Time to completion between the 2 groups was analyzed using Student's t-test. Error analysis was subcategorized by specific level as well as by general level (cervical, thoracic, lumbar), error type as defined above (minor vs major), and total "surgical error" counts. Error breakdown between the study group and the control group when looking at more than 1 level (e.g., looking at the cervical levels collectively) was analyzed using Student's t-test. When a single level was analyzed on its own (e.g., only C-1), Fisher's exact test was used to compare the groups.
results differences in demographic data
There were no significant differences between the control and study groups in the pre-experiment demographic data or questionnaires about comfort level placing screws at various levels ( Table 1 ). The study group had an av- 
Surgical errors
The control group had a total of 59 surgical errors and the study group had 21 surgical errors (p = 0.04; Table 4 ). The total number of surgical errors in the thoracic and lumbar spine was significantly lower in the study group (p = 0.02 and p = 0.04, respectively), whereas the number of errors in the cervical spine between the 2 groups was not statistically significant (p = 0.18). Overall, 57% of thoracic screws and 68% of lumbar screws placed by the control group resulted in surgical error. In contrast, in the study group, 15% of thoracic screws and 32% of lumbar screws resulted in error.
Errors were subclassified as minor and major (Table 4 ). There was a trend toward a reduction in major errors in the study group in cervical (p = 0.06) and lumbar (p = 0.15) regions. No difference in major errors was detected in the thoracic spine (p = 0.42), although there were significantly fewer minor errors for the study group in the thoracic region (p = 0.05).
Suboptimal Screw placements
When examining suboptimally placed screws, significant differences were observed between the groups overall (p = 0.01) and in the cervical (p = 0.02), thoracic (p = 0.04), and lumbar spine (p = 0.04) ( Table 4 ). There were no differences between misplacements in S-1 or the ilium. There was not a significant difference at C-1, where control subjects misplaced 60% of their lateral mass screws, compared with 0% in the study group (p = 0.17). At C-2, control subjects misplaced 100% of their pedicle screws, compared with 20% in the study group (p = 0.05).
discussion
Pedicle and lateral mass screws have been used for spinal fixation since the 1960s to treat spinal trauma, deformity, degenerative disease, and neoplasms. 10, 11 The insertion of these screws is technically demanding and is associated with multiple potential risks, due to the proximity of eloquent vascular and neurological structures and the absence of visibility to subsurface anatomy during insertion. 15, 16 Misplaced screws can result in construct failure or pseudarthrosis, and major errors can result in life-threatening hemorrhage or permanent neurological injury. 8 It is imperative that neurological and orthopedic surgery residents are properly trained in these spinal fixation methods.
With shrinking resident duty hours, a more efficient strategy to train residents regarding technical skills is sorely needed. Current methods for resident screw insertion training include didactic sessions, with or without accompanying cadaveric or Sawbones exercises, and the mastering of spinal anatomy with supervision in the operating room. 8, 9 The general surgery literature has shown that simulated training methods for surgical residents are effective for video-based neurosurgical procedures. Whereas other surgical fields have demonstrated success in training residents with simulators, spinal surgery currently is unable to claim similar success. This is, in part, due to the nature of spine surgery, a discipline in which few procedures are laparoscopic or readily taught using only simulators. This is due to the complexities of spinal anatomy, which are not easy to recreate on computers, and the heterogeneous nature of the procedures performed. Cadavers, on the other hand, represent a readily accessible and imminently feasible option for teaching residents to place screws in the spine. Although computer-based simulators have been developed to facilitate the acquisition of screw placement skills, it remains unclear whether this on-screen practice can translate into increased accuracy and comfort in the operating room. 5, 7, 13 The challenges that trainees face are, in part, related to limited clinical hands-on exposure and the need to acquire an understanding of complex 3D spinal anatomy. For non-video-assisted procedures such as spinal surgery, the incorporation of cadaveric training into the resident educational process is likely to remain a critical component. Podolsky et al. (using cadavers in conjunction with navigation software) failed to demonstrate a substantial benefit in the use of 3D virtual screw placement software. 9 However, this study featured pathologic spines; hence, the results may not be generalizable.
Study interpretation
We implemented a comprehensive laboratory-based spinal fixation training program in a blinded, randomized, controlled fashion to quantify the effect of navigation simulation instruction on a group of neurosurgical residents. We found that supplementing the standard didactic-based curriculum with a single session of hands-on, cadaverbased anatomy instruction using navigation software with Sawbones model visualization and manipulation significantly reduced overall screw placement errors by 64% (p = 0.04) and suboptimal screw placement by 53% (p = 0.01). Despite the small sample sizes of our subgroup analyses, major errors were reduced from 17% to 3% in the cervical spine (p = 0.06), minor errors were statistically reduced from 42% to 10% in the thoracic spine (p = 0.05), and screw placement starting points and trajectories were optimized, especially at C-1 and C-2, where the control group exhibited high rates of suboptimal placement (60% and 100%, respectively). 
Study limitations
A limitation of our study is small sample size. There were a total of 10 trainees in our study (5 in each group). Neurosurgical residency programs are traditionally very small, with 1-3 residents per year of training. Our prestudy power analysis demonstrated that the study was sufficiently powered to detect significant differences in overall error rates and accuracy.
The pilot program featured various components, including the use of navigation software with the cadavers and practice on Sawbones models. The control group did not have either of these training options available. Although our study demonstrated a statistically significant overall reduction in errors and suboptimal screw placements, it may be difficult to assess which of the pilot study components contributed the most benefit. Limitations in sample size prevented the creation of more study groups. Therefore, we opted to consider the navigation with cadavers and Sawbones practice as a "package educational strategy." This group comprised our pilot training program. Future studies with larger sample sizes may be able to further clarify the issues at hand.
Surgical outcomes are affected by the accuracy of pedicle and lateral mass screw placement, which primarily depends on the skill of the surgeon. It must be emphasized that clinical outcomes were not assessed in this study. It should also be recognized that the effect of the differences between study groups observed herein is likely to become diluted as clinical experience is acquired. However, the accelerated acquisition of technical skills probably correlates with a more rapid acquisition of clinical comfort and quality of care. It is in this vein that a fundamental understanding of screw placement technique is crucial for proper advancement through a residency program, and that the early acquisition of such skills is likely to translate into an accelerated acquisition of an appropriate comfort level in the operating room.
Future Studies
Our pilot study has shown that surgical techniques and skills can be improved in a quantifiable manner with a single module of virtual-reality navigation and practice using cadavers and Sawbones models. With increasing constraints being placed on resident duty hours, along with the ever-increasing scrutiny regarding surgical complications in teaching hospitals, the exploration of means to effectively accelerate the surgical skill acquisition process becomes imperative. Future studies must incorporate a larger number of neurosurgical and orthopedic surgery trainees, as well as follow-up regarding the translation of such training into the clinical arena as residents progress through training.
conclusions
Surgeons commonly use pedicle and lateral mass screws for spinal fixation. Neurosurgical residents need proper, evidence-based training in these procedures to decrease risks of complications. Considering the current limitations on resident duty hours, a need to evolve a mechanism to rapidly train residents regarding the technical aspects of spine surgery is evident. The value of using computer-based simulators to help teach residents has been demonstrated in the general and neurological surgery literature; however, instruction regarding proper screw placement in the spine will probably still require supplemental cadaver practice. This is due to the complex 3D anatomy that is difficult to recreate using simulators alone. Our pilot study, which incorporated cadavers, Sawbones models, and virtual simulation, was shown to significantly decrease overall resident screw placement error rate compared with didactic training alone.
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